We report trigonometric parallaxes and proper motions of water masers for 12 massive star forming regions in the Perseus spiral arm of the Milky Way as part of the Bar and Spiral Structure Legacy (BeSSeL) Survey. Combining our results with 14 parallax measurements in the literature, we estimate a pitch angle of 9
INTRODUCTION
Although our Galaxy is known to be a barred spiral galaxy, it is very difficult to determine its structure owing to our location within its disk. Considerable uncertainties still exist regarding the number and locations of spiral arms, the length and orientation of the central bar and the rotation curve. Kinematic distances have often been used to infer spiral structure, however, they have large uncertainties stemming from inaccuracies in the adopted Galactic rotation model and the existence of significant peculiar (non-circular) motions (Xu et al. 2006; Reid et al. 2009b) .
Using very long baseline interferometry (VLBI), one can measure trigonometric parallaxes to massive star forming regions with accuracies of order ±10 µas (Honma et al. 2012; Reid et al. 2014 ).
The Bar and Spiral Structure Legacy (BeSSeL) Survey 1 is a National Radio Astronomy Observatory (NRAO) 2 key science project that aims to study the spiral structure and kinematics of our Galaxy by measuring trigonometric parallaxes and proper motions of hundreds of massive star forming regions with the Very Long Baseline Array (VLBA).
The Perseus arm has been proposed as one of the two dominate spiral arms of the Galaxy, emanating from the far side of the Galactic bar (Churchwell et al. 2009 ). Toward the Galactic anticenter, the Perseus arm is relatively close to the Sun and parallaxes and proper motions of 14 sources in the Perseus arm have already been obtained with the VLBA, the VLBI Exploration of Radio Astrometry (VERA) array, and the European VLBI Network (EVN) (Asaki et al. 2010; Hachisuka et al. 2009; Moellenbrock et al. 2009; Moscadelli et al. 2009; Niinuma et al. 2011; Oh et al. 2010; Reid et al. 2009a; Rygl et al. 2010; Sakai et al. 2012; Sato et al. 2008; Shiozaki et al. 2011; Xu et al. 2006; Zhang et al. 2013 ).
Here we present trigonometric parallaxes and proper motions of 12 massive star forming regions in the Perseus spiral arm in the outer Galaxy. Combined with results from the literature (with one duplicate source, G094.60-1.79), we have a large sample of 25 sources located in the Perseus arm. These parallax measurements extend our sampling of the arm to smaller and larger Galactic longitudes (in the second and third quadrants) and essentially double the number of Perseus arm sources with trigonometric parallaxes.
In Section 2, we describe our observations and data reduction. We present the parallax and proper motion results in Section 3. In Section 4, we discuss the Galactic locations and peculiar motions of the sources in the Perseus spiral arm. Finally, we summarize our results in Section 5.
OBSERVATIONS
We performed multi-epoch observations with the VLBA under program BR145. We observed the 6 16 -5 23 masing transition of H 2 O at a rest frequency of 22.23508 GHz toward 12 star forming regions in outer Galaxy. Three maser sources projected close to each other on the sky were observed in one group, each with 2 to 4 background quasars. We observed each group at 6 epochs spread over one year. The dates of the observations are listed in Table 1 ; they were optimized to allow an accurate parallax measurement for water masers lasting seven months or longer.
In order to measure trigonometric parallaxes, we used phase-referenced observations, switching (every 20-30 s) between the maser target and an extragalactic continuum source, selected from previously known calibrators from ICRF1 (Ma et al. 1998) 
and ICRF2
3 lists or from our VLBA calibrator survey (Immer et al. 2011) . The observed sources are listed in Table 2 . Strong continuum sources were also observed to monitor delay and electronic phase differences among the recorded frequency bands. In order to calibrate atmospheric delays, we placed four 0.5-hr "geodetic blocks" (Reid et al. 2009a ) spaced every two hours.
The data were correlated in two passes with 3 http://gemini.gsfc.nasa.gov/solutions/2010a/2010a.html the DiFX 4 software correlator (Deller et al. 2007 ) in Socorro, NM. Four dual-circularly polarized frequency bands of 8 MHz bandwidth were processed with 16 spectral channels for each frequency band. The one dual-polarized band that included the maser emission was re-processed with 256 channels, giving a velocity channel spacing of 0.42 km s −1 . The data reduction was performed with the NRAO Astronomical Image Processing System (AIPS) package and ParselTongue scripts (Kettenis et al. 2006) following the procedure described in Reid et al. (2009a) . Note.-Column 1 lists the project code. Each project has three target sources, but Column 2 only lists the massive star forming regions reported in this paper. Each project was observed at 6 epochs, and the dates are shown in Columns 3 -8. The dates in parentheses are observed, but not used for the parallax/proper motion fitting. 
RESULTS
In this section we present parallaxes and proper motions of 22 GHz H 2 O masers for 12 massive star forming regions. The change in position of a maser spot relative to a background source is modeled with a sinusoidal parallax signature and a linear proper motion in right ascension and declination. Since systematic errors, associated with uncompensated atmospheric delays, generally exceed those of random noise, we added "error-floors" in quadrature to the formal position uncertainties in both coordinates. The error-floor values were determined by requiring the reduced χ 2 ν of the postfit residuals to be near unity in each coordinate (Reid et al. 2009a) .
A bright H 2 O maser spot was used as the phase reference in order to calibrate the continuum source data and then measure position offsets used for parallax and proper motion fitting. When we estimated a parallax using several maser spots in one source, the quoted parallax uncertainty is the formal fitting uncertainty multiplied by √ N (where N is the number of maser spots) in order to account for possible correlations among the position measurements for the maser spots. Figures  1-12 show positions for the maser spots relative to the background sources as a function of time and the parallax and proper motions fits. The fitting results are summarized in Table 3 . Detailed information for each source is presented in the Appendix.
When there were numerous maser spots, we attempted to fit an expanding model to the internal (relative) motions (as in G108.47-2.81, G111.25-0.77, and G236.81+1.98) in order to estimate the motion of the central, exciting star directly. Details of this model fitting procedure are in Sato et al. (2010) .
For sources with few maser spots, the proper motion for the central star was estimated from an unweighted average of all the measured absolute proper motions. For these cases, since water maser motions relative to the central star typically are tens of km s −1 , we adopted a 5 to 15 km s −1 uncertainty for each velocity component, converted to an angular motion with the measured distance. Several criteria were used to estimate the uncertainties in the motion components of the central star, depending on the complexity and width of the maser spectrum (as an indication of the likely outflow speed) and the difference between the water maser V LSR values and the thermal CO value (also an indication of the magnitude and likelihood of un-modeled outflow issues). While ±5 km s −1 was used as the additional uncertainty for the components of motion for G095.29-0.93, G108.59+0.49, and G240.31+0.07, ±10 km s −1 was used for G094.60-1.79, G100. 37-3.57, G108.20+0.58, G111.23-1.23, and G183.72-3.66 , and ±15 km s −1 was used for G229.57+0.15.
The Perseus Arm

Location and Pitch Angle
The maser sources were assigned to the Perseus arm based on matching their longitudes and velocities to a prominent "track" in the longitudevelocity (l − v) space of CO emission that is generally associated with this arm. Note, that we did not use our parallax measurements to assign sources to the arm. This removes a potential selection bias for defining the arm and its properties. We plot these sources on a CO l − v diagram from Dame et al. (2001) in Figure 13 .
With trigonometric parallax measurements, we can accurately locate the massive star forming re- Note.
-Column 1 gives the names of the maser and background sources. Columns 2 and 3 list the absolute positions of the reference maser spot and background sources. Columns 4 and 5 give the angular separations (θsep) and position angles (P.A.) east of north of the background sources relative to maser sources. Note.-Column 1 lists source names. Columns 2 and 3 give the measured parallax and the distance converted from the parallax. Columns 4 and 5 are proper motions in the eastward (µ x =µ α cosδ) and northward (µ y =µ δ ) directions. Column 6 lists V LSR of the star forming region. gions of the Perseus arm of the Milky Way. Assuming the distance to the Galactic center R 0 to be 8.34 kpc (Reid et al. 2014) , Figure 14 shows the locations of our sources in the Milky Way as red circles, together with previous results from the literature as blue squares.
For simplicity, we assume that a section of a spiral arm follows a log-periodic function:
where R and β are Galactocentric radius and azimuth, respectively, R ref is the radius at a reference azimuth β ref , and ψ is the spiral pitch angle (i.e., the angle between a spiral arm and a tangent to a Galactocentric circle). Galactocentric azimuth is defined as the angle between the Sun and the source as viewed from the center, with azimuth increasing with Galactic longitude in the first quadrant. We estimated two parameters, R ref and ψ using a Bayesian approach, which minimized the "distance" from the straight line described by Equation (1), variance weighted by the uncertainty in this direction, and described in detail in Reid et al. (2014) . Using the 25 sources with parallax measurement that are assigned to the Perseus arm (based on matching to CO l − v tracks), we estimate the arm pitch angle to be 9
• .9 ± 1 • .5, with an arm width of 0.38 kpc, where ln R ref = 2.29 ± 0.01 at β ref = 13
• .6 (uncertainties give 68% confidence ranges). The arm width was estimated by adding an "astrophysical noise" term, reflecting a nonzero arm width, in quadrature with measurement uncertainty when fitting for the pitch angle. The magnitude of this noise term was adjusted to give a χ 2 ν per degree of freedom of unity for the residuals. In Figure 15 , we plot the data and fitted line whose slope is tanψ.
Pitch angles for the Perseus spiral arm have previously been estimated by Reid et al. (2009b) and Sakai et al. (2012) . Reid et al. (2009b) reported a value of 16
• .5 ± 3
• .1 based on data from 4 sources and Sakai et al. (2012) reported 17
• .8 ± 1
• .7 from 8 sources. Both used a least-squares fitting approach that minimized the residuals in the "yaxis" (ln R) only. Since distance uncertainties affect both axes in Equation (1), i.e., ln R and β, a better approach is to minimize the residuals perpendicular to the best fit line. As a test, we refit the data used by Reid et al. (2009b) improved Bayesian approach and obtained an estimated pitch angle of 15
• .1 ± 6
• .4. This gives a similar pitch angle as the previous estimate, but with a larger and more realistic uncertainty. With this uncertainty, the old result is statistically consistent with the new result. Of course the new result benefits from using a much larger sample and should be preferred.
Based on the spiral pattern fit results, we obtain a distance between the Sun and the Perseus spiral arm of 2.0 ± 0.2 kpc in the anticenter direction (l = 180
• , β = 0 • ). Since the Sagittarius arm is located at 1.4 ± 0.2 kpc from the Sun (Wu et al. 2014) , the Perseus arm is more distant from the Sun than the Sagittarius arm.
Peculiar Motions
Using the parallax distances to convert proper motions to linear speeds and combining with Doppler radial velocities, we can calculate the three-dimensional space motions for the massive star forming regions in the Perseus spiral arm. and Solar Motion components of U = 10.7 ± 1.8 km s −1 , V = 15.6 ± 6.8 km s −1 and W = 8.9 ± 0.9 km s −1 from A5 model in Reid et al. (2014) , we obtained U s = 9.4 ± 1.3 km s −1 , V s = −4.4 ± 2.0 km s −1 , and W s = −2.1 ± 1.1 km s −1 . The average peculiar motion in the direction of Galactic rotation is affected by the V component of solar motion.
These peculiar motion values indicate that on average sources in the Perseus arm are moving toward the Galactic center and move slower than for circular Galactic orbits. Compared with the average peculiar motions of the 100 sources with parallaxes in many arms, (U s = 2.9 ± 2.1 km s −1 and V s = −5.0 ± 2.1 km s −1 from B1 model, Reid et al. (2014) ), the Perseus arm sources have higher average peculiar motions and it seems to be a characteristic of the arm at least in the second and third quadrants.
The general claim of the spiral density wave theory in literature from 1960s is that peculiar motions should be toward the Galactic center and counter to the Galactic rotation. Our result is consistent with that claim.
As for kinematic distances, indeed, the peculiar motions affect them. As shown in Table 5 , the standard kinematic distance, which do not consider the average peculiar motions of sources (i.e., U s = V s = W s = 0 km s −1 ), are biased higher than the true (parallax) values in the second quadrant. The "revised kinematic distances" (Reid et al. 2009b ) using the average peculiar motion of the Perseus arm (U s = 9.2 km s −1 , V s = -8.0 km s −1 , and W s = -2.3 km s −1 ) have better agreement with the distance from the parallax than the standard kinematic distance in the second quadrant. In the third quadrants, revised kinematic distances may be somewhat biased toward larger distances compared to parallax values. This portion of the Perseus arm may have a smaller U s peculiar motion than the average for all sources. Therefore, when calculating (revised) kinematic distances, for Perseus arm sources in the third quadrant, one should probably use U s ∼ 2 km s −1 . Clearly, more parallax/proper motion measurements are needed to better understand average peculiar motions along the Perseus arm. G043.16+0.01 W49(N) -7.6 ± 11.6 -17.1 ± 15.2 11.7 ± 10.4 14 G048.60+0.02 -8.0 ± 9.9 9.1 ± 12.5 7.1 ± 6.7 14 G094.60-1.79 AFGL 2789 4.4 ± 9.7 -25.6 ± 7.5 -11.2 ± 10.3 1, 7 G095.29-0.93 -10.3 ± 6.2 -7.0 ± 5.6 3.7 ± 4.7 1 G100.37-3.57
11.7 ± 10.3 -3.1 ± 10.5 4.3 ± 9.9 1 G108.20+0.58 -12.7 ± 11.0 -15.2 ± 10.3 10.7 ± 11.0 1 G108.47-2.81
19.1 ± 7.2 -13.1 ± 6.5 -7.6 ± 7.2 1 G108.59+0.49
45.1 ± 5.6 -4.6 ± 7.0 1.1 ± 4.9 1 G111.23-1.23 31.7 ± 10.7 3.4 ± 25.8 -0.6 ± 11.6 1 G111.25-0.77 -1.7 ± 8.0 -11.0 ± 7.2 -13.3 ± 8.5 1 G111.54-0.77 NGC 7538 17.1 ± 4.7 -23.9 ± 5.1 -9.4 ± 3.3 5 G122.01-7.08 IRAS 00420+5530 29.5 ± 5.7 -6.1 ± 5.7 3.9 ± 5.2 4 G123.06-6.30 NGC 281 5.4 ± 7.5 8.0 ± 7.7 -15.9 ± 9.9 11 G123.06-6.30 NGC 281 (W) 6.8 ± 4.1 4.1 ± 4.0 -7.3 ± 3.5 9 G133.94+1.06 W3(OH) 20.2 ± 3.7 -12.0 ± 3.7 2.5 ± 3.1 3, 13 G134.62-2.19 S Per 2.6 ± 5.3 -13.9 ± 4.8 -4.4 ± 4.0 2 G170.66-0.24 IRAS 05168+3634 11.1 ± 5.6 -12.7 ± 8.9 -5.6 ± 9.9 10 G183.72-3.66 -0.6 ± 5.4 1.7 ± 9.3 5.0 ± 9.1 1 G188.79+1.03 IRAS 06061+2151 14.7 ± 5.8 -20.8 ± 10.1 -10.1 ± 7.3 6 G188.94+0.88 S 252 0.5 ± 5.3 -8.0 ± 3.7 -0.6 ± 3.1 8 G192. 16-3.81 3.2 ± 5.3 -4.8 ± 6.4 5.4 ± 5.8 12 G192.60-0.04 S 255 1.6 ± 5.7 3.5 ± 12.4 4.7 ± 8.1 9 G229.57+0.15
15.1 ± 12.2 -12.7 ± 14.3 -8.7 ± 15.3 1 G236.81+1.98 -9.2 ± 7.1 1.2 ± 7.6 -4.4 ± 7.1 1 G240.31+0.07 -10.5 ± 6.1 4.3 ± 8.6 -12.9 ± 5.5 1 Average 9.2 ± 1.2 -8.0 ± 1.3 -2.3 ± 1.1
Note.-We assumed R 0 = 8.33 ± 0.16 kpc, Θ 0 = 243 ± 6 km s −1 , dT/dR = -0.2 ± 0.4 km s −1 kpc −1 and Solar Motion components of U = 10.7 ± 1.8 km s −1 , V = 12.2 ± 2.0 km s −1 and W = 8.7 ± 0.9 km s −1 from B1 model in Reid et al. (2014) to determine the peculiar motions (U s , V s , W s ) in Columns 3-5. U s is the motion toward the Galactic center, V s is in direction of Galactic motion, and W s is toward the North Galactic Pole (NGP). Reid et al. (2014) . When we determine the uncertainties in the kinematic distances, we considered a 7 km s −1 uncertainty in V LSR . Kinematic distances for sources near the Galactic anticenter intrinsically have large uncertain-ties and, thus, kinematic distances should be avoided for these sources.
CONCLUSION
We measured parallaxes and proper motions of 12 massive star forming regions in the outer portion of the Perseus arm in the second and third Galactic quadrants. Combined with 14 results from the literature, we estimated the pitch angle of this section of the Perseus arm to be 9
• .9 ± 1 • .5. We also calculated the three-dimensional Galactic motions and find that on average the sources in the Perseus arm are moving toward the Galactic center and slower than the circular Galactic rotation.
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Facilities: VLBA
A. APPENDIX
We present details of parallax and proper motion fits for each source. Tables 6-17 summarize the results. The uncertainties of parallaxes and proper motions in the tables are the formal fitting uncertainties.
G094.60-1.79 is also known as AFGL 2789, and its parallax was measured to be 0.326 ± 0.031 mas, corresponding to a distance of 3.07 ± 0.30 kpc, with VERA (Oh et al. 2010) . The proper motions were also obtained to be -2.1 ± 0.2 mas yr −1 and -3.6 ± 0.5 mas yr −1 in right ascension and declination, respectively (Oh et al. 2010) . Since the H 2 O masers were not detected at our last (sixth) epoch in our observations, we used only 5 epochs with 7 maser spots and 3 background sources for the fitting. When we calculated the peculiar motion in Table 4 , we used an unweighted average of our measurements and Oh et al. (2010) for the parallax and proper motion, yielding a parallax of 0.29 ± 0.03 and a proper motion of -2.3 ± 0.6 mas yr −1 in right ascension and -3.8 ± 0.6 mas yr −1 in declination. The LSR velocity measured from CO emission is -43 km s −1 and -49 km s −1 from water maser emission. We adopted -46.0 ± 5.0 km s −1 for the V LSR .
G095.29-0.93 is associated with an infrared source, 2MASX J21394111+5120356, and its radial velocity is -42.4 km s −1 from CS(2-1) emission (Bronfman et al. 1996) , -36.5 km s −1 from CO emission and -41 km s −1 from the water maser spectrum. We adopted -38.0 ± 5.0 km s −1 for the V LSR . The parallax and proper motions are obtained from 3 maser spots and 4 background sources.
G100.37-3.57 is associated with the HII region CPM 37 (IRAS22142+5206). H 2 O maser emission was observed between -50 and -15 km s −1 , and it is highly variable over the observation period. The radial velocity is -36.5 km s −1 from CO emission. We adopted -37.0 ± 10.0 km s −1 for V LSR .
G108.20+0.58 has a radial velocity of -49.2 km s −1 from CS(2-1) emission (Bronfman et al. 1996) . The parallax is measured using 2 maser spots and 3 background sources. We used -49.0 ± 5.0 km s −1 for V LSR .
G108.47-2.81 is associated with IRAS 23004+5642. We used 6 maser spots and 3 background sources to fit parallax and proper motions. The radial velocity is -54 km s −1 from CO emission, and we used this value to obtain the peculiar motions. We fitted the data of the relative motions with respect to the reference maser spot (V LSR = -65.48 km s −1 ) to expansion model (Sato et al. 2010) . The expansion velocity is 3.4 ± 7.4 km s −1 and the center of expansion is (0.00 ± 0.28, 0.03 ± 0.17) arcsec. The velocity components are (V 0x , V 0y , V 0r ) = (-14.1 ± 7.6, 2.2 ± 7.0, -59.3 ± 3.5) km s −1 . These values correspond to µ x = -0.92 ± 0.49 mas yr −1 and µ y = 0.14 ± 0.46 mas yr −1 at the distance of 3.24 kpc. Adding these motions to the absolute motion of the reference maser spot, we obtained an absolute proper motion of the central star to be µ x = -3.13 ± 0.49 mas yr −1 and µ y = -2.79 ± 0.46 mas yr −1 . Figure 16 shows spatial distribution and relative motions with respect to the center of the expansion of water masers toward G108.47-2.81.
G108.59+0.49 is associated with IRAS 22506+5944 and its radial velocity is measured to be -52 km s −1 from CO emission. We fitted parallax and proper motions using 2 maser spots and 4 background sources. G111.23-1.23 is associated with IRAS 23151+5912 and its radial velocity is -54.4 km s −1 from CS(2-1) emission (Bronfman et al. 1996) . We observed 4 background sources, but J2257+5720 was discarded from the parallax fitting since the structure of the quasar changed over time. We used 2 maser spots and 3 quasars to fit parallax and proper motions.
G111.25-0.77 is associated with IRAS 23139+5939 and its V LSR = -43 km s −1 from CO emission. We observed 3 background sources. However, we did not use J2254+6209 for the parallax fitting, since it was not detected at the first and sixth epoch. We obtained parallax and proper motions from 4 maser spots and 2 background sources. We fitted the data of the relative motions with respect to the reference maser spot (V LSR = -51.26 km s −1 ) to expansion model (Sato et al. 2010) . The expansion velocity is 2.6 ± 8.1 km s and µ y = -0.21 ± 0.52 mas yr −1 at the distance of 3.34 kpc. Adding these motions to the absolute motion of the reference maser spot, we obtained an absolute proper motion of the central star to be µ x = -2.02 ± 0.52 mas yr −1 and µ y = -2.31 ± 0.52 mas yr −1 . Figure 17 shows spatial distribution and relative motions with respect to the center of the expansion of water masers toward G111.25-0.77. G183.72-3.66 has a parallax of 0.629 ± 0.012 mas based on measurements of two background sources. The V LSR from CO emission is 2.5 km s −1 . The H 2 O masers are variable over our observations. Since most of maser spots disappeared at the 3rd epoch and only 2 spots survived for more than 2 epochs, we could not get internal motions.
G229.57+0.15 is associated with IRAS 07207-1435. The H 2 O maser emission ranges from 45 km s −1 to 60 km s −1 with a predominantly double-peak spectrum. The radial velocity is 43 km s −1 from CO emission. We adopted 47 ± 10 km s −1 for V LSR . We measured parallax and proper motions from one maser spot detected at all epochs and 4 background sources. Because of the source's low declination, the error in right ascension is much smaller than that in declination.
G236.81+1.98 is associated with IRAS 07422-2001 and its radial velocity is 43 km s −1 from CO emission. Four background sources were observed, but two of them (J0735-1735 and J0739-2301) were not used for the parallax fitting. J0735-1735 and J0739-2301 are separated by about 3 degrees from the maser source and mostly in the north-south direction. J0735-1735 has structure, which is likely caused by atmospheric distortion and J0739-2301 was not detected after the third epoch. Because of the source's low declination, the error in right ascension is much smaller than that in declination.
We fitted the data of the relative motions with respect to the reference maser spot (V LSR = 42.31 km s −1 ) to expansion model (Sato et al. 2010) . The expansion velocity is 0.5 ± 10.1 km s −1 and the center of expansion is ( 0.05 ± 0.76, 0.03 ± 0.85) arcsec. The velocity components are (V 0x , V 0y , V 0r ) = (10.5 ± 6.3, 8.2 ± 6.0, 48.5 ± 5.9) km s −1 . These values correspond to µ x = 0.72 ± 0.43 mas yr −1 and µ y = 0.56 ± 0.41 mas yr −1 at the distance of 3.07 kpc. Adding these motions to the absolute motion of the reference maser spot, we obtained an absolute proper motion of the central star to be µ x = -2.49 ± 0.43 mas yr −1 and µ y = 2.67 ± 0.41 mas yr −1 . Fig. 18 shows spatial distribution and relative motions with respect to the center of the expansion of water masers toward G236.81+1.98.
G240.31+0.07 is associated with 2MASS J07445196-2407399 and its V LSR is 67.0 km s −1 obtained from CO emission. The parallax was measured using 3 maser spots and 3 background sources. Because of the source's low declination, the error in right ascension is much smaller than that in declination. 
